The propulsion of surface ripples on SiO 2 by an ion beam was investigated by in situ electron microscopy. The observed propagation of the ripples contradicts existing models for ion-beam-induced ripple development. A new model based on the Navier-Stokes relations for viscous flow in a thin layer is introduced. It includes inhomogeneous viscous flow, driven by spatial variations in the deposition of the energy of the ion beam. The model explains the observed reversed propagation. The hitherto unknown propulsion mechanism is important for understanding nanoscale pattern formation by ion bombardment. DOI: 10.1103/PhysRevLett.96.107602 PACS numbers: 79.20.Rf, 61.80.Az, 68.35.Ct, 81.16.Rf Modification of surfaces is a widely explored and technologically highly relevant field of research. Surfaces bombarded by a beam of ions erode, but they may also develop specific nanoscale geometrical patterns [1] . These patterns have been studied intensively because they reveal details in the interaction of energetic particles with matter and because they have implications for ion-beam sputter erosion and deposition [2] . Recently, the formation of surface patterns by ion bombardment received appreciation as templates for the growth of low-dimensional nanostructures [3] . Various theories describe aspects of beaminduced pattern formation. Although they are widely applied, not all relevant processes are understood, not even qualitatively.
Modification of surfaces is a widely explored and technologically highly relevant field of research. Surfaces bombarded by a beam of ions erode, but they may also develop specific nanoscale geometrical patterns [1] . These patterns have been studied intensively because they reveal details in the interaction of energetic particles with matter and because they have implications for ion-beam sputter erosion and deposition [2] . Recently, the formation of surface patterns by ion bombardment received appreciation as templates for the growth of low-dimensional nanostructures [3] . Various theories describe aspects of beaminduced pattern formation. Although they are widely applied, not all relevant processes are understood, not even qualitatively.
A very common pattern is a series of ripples that can form under oblique incidence of kilo-electron-volt ions. Sigmund showed that the dependence of the material's erosion rate on the curvature of the surface leads to the growth of surface irregularities [4] . Bradley and Harper (BH) used Sigmund's model to explain the appearance of ripple patterns with a distinct wavelength [5] : Ripple formation is the result of a competition between curvaturedependent roughening and smoothing by thermal surface diffusion. The original BH model has been extended to include smoothening by beam-enhanced surface diffusion [6] and beam-enhanced viscous flow [7] . Carter suggested that viscous relaxation of a thin surface layer, compressively stressed by the ion bombardment, causes ripple formation [8] , and Rudy and Smirnov used the NavierStokes relations to describe ion-beam-enhanced viscous flow [9] . Recently, Umbach, Headrick, and Chang showed that the enhanced viscous flow is limited to the ion penetration layer [10] . A common factor of all models is that only the ripples' growth rate has been tested experimentally. In contrast, the notion that ripples propagate across the surface is rarely outspoken [5, 11] but always implicitly assumed. The overall surface erosion velocity is ÿ 0 ÿYf cos=n. Here Y is the number of removed atoms per incident ion, the angle between the ion beam and the surface normal, f the ion flux, and n the atomic density of the solid; the minus sign reflects the recession of the surface. Because of the increase of Y with up to 75 , the slopes that face the incident ion beam (the up slopes; see the inset in Fig. 2 ) erode slower than the opposite (viz., the down) slopes, except for grazing incidence. Hence, ripples should move against the incident beam direction. Their velocity is [5] 
which is negative up to 65 . Despite the numerous studies on ripple growth, there are only a very few studies on ripple propagation [12 -15] . Nevertheless, ripple propagation is a phenomenon that can be as important for our understanding of pattern formation as ripple growth. Experimental studies on ripple development are almost exclusively based upon ex situ or postmortem spatially resolved techniques, e.g., via surface imaging with atomic force microscopy (AFM) or scanning electron microscopy (SEM). Although individual ripples are observed, only the final state of a bombarded surface area is being recorded. On the other hand, in-situ real-time studies are based upon changes in the reflection of a broad beam from an ensemble of ripples [7, 16] and, therefore, do not expose the fate of individual ripples. Recently, Datta, Wu, and Wang used focused ion-beam microscopy to induce and observe ripple formation on diamond but could not detect any movement [13] . Habenicht et al. observed moving ripples on Si [14] , but the bombarded area was so small that its boundaries determined ripple development [15] .
In this Letter, we present the first clear observation of the propulsion of surface ripples by ion bombardment. For this study, we used a scanning electron microscope equipped with a focused ion beam (FIB). The bombarded material is SiO 2 ; the beam is Ga ions. Surprisingly, we do indeed observe ripple propulsion but in the direction opposite to that predicted by Eq. (1). Newly formed ripples are initially stationary and then drift slowly in the direction of the projected beam, contradicting all existing models. We explain this behavior by inhomogeneous enhanced viscous flow in the penetration layer of the ions. The inhomogeneities in the flow are a consequence of an inhomogeneous stress, which-in its turn-results from the differences in the ions' energy deposition between the up and down slopes of the ripples.
In our study, borosilicate glass and a 500 nm SiO 2 layer on Si have been investigated in a dual-beam (FIB SEM) instrument (FEI Strata DB235). The current of the scanning 30 keV Ga beam was 500 pA. The scanned area was 24 24 m 2 ; the mean flux f was 5:4 10 18 ionss ÿ1 m ÿ2 . The spot size was relatively large (1 m) to avoid surface structure formation related to the scanning mode of the beam. Each surface spot was bombarded during 10 s; repetition time was 100 ms; was 45 . Each 135 seconds of bombardment -in which 45 nm of material was removed-was alternated with electron beam imaging. To avoid apparent lateral shifts of surface features with the change in height, images were taken with the surface perpendicular to the electron beam. In addition, we have measured the sputter yield Y for 0 < < 67 . Fig. 2 . The lower series 1-6 emerged behind the presumed surface irregularity. The first of these induced ripples is initially stationary, and only much later it starts to move, while ripples 2 -6 propagate almost directly after their appearance. The spontaneously emerging ripples a-g are initially stationary but quickly start to move. Finally, all ripples propagate with a velocity of 0:75 0 . The wavelength, or mean ripple-to-ripple distance, of the spontaneous ripples is 225 nm; of the induced ones, it is 195 nm. The line ''BH model'' in Fig. 2 shows the propagation according to Eq. (1). Additionally, we observed that, if < 35 , no ripples appear, and, if > 55 , ripples emerge and grow very rapidly and transform quickly into irregular steep edges and flat plateaus. Experiments in which the beam focusing, scanning directions, and speeds were varied did not result in noticeably different patterns. Further, we observed a 25% decrease of the relative propagation speed (ju= 0 j) with a tenfold increase of the flux f. There was no difference between the oxidized Si sample and glass. Postmortem AFM revealed an average ripple amplitude of 5 nm after 600 nm of erosion.
Our SEM observations confirm numerous studies: Ionbeam bombardment can induce surface ripples. However, the observed propagation of the ripples contradicts all existing models: It is slower, not constant, and in the opposite direction. Because it is unlikely that Eq. (1) does not apply here, one more mechanism must be at play. We hypothesize here that local variations in energy deposition lead to gradients in viscous flow, which in their turn propel the ripples.
We put forward a new model that includes the NavierStokes relations for viscous flow in a thin layer. The flow is enhanced by thermal spikes that are generated by the incident ions. We note that a series of studies shows the important role of thermal spikes in shape changes of amorphous objects bombarded by energetic ions [17, 18] . The inset in Fig. 2 depicts a cross section of a rippled surface with a surface height of Hx A sinqx. The ions deposit their kinetic energy E along their path of penetration. Neglecting the ions' lateral spread, the lower boundary of the penetration layer is a translation of the surface: Qx ÿR ? A sinqx ÿ R k . We take the z direction normal to the surface and let the ions move in the positive x and negative z directions. Further, R k R sin and R ? R cos, R being the penetration range (25 nm in our study [19] ). The thickness of the penetration layer is Gx Hx ÿ Qx [20] . In our model, we use the concept of the thermal spike: The energy deposition of the ionsactually discrete in space and time -is effectively a temporary heating by T 0 [21] . The observed nearindependency of ju= 0 j on the ion flux f indicates that this concept is indeed applicable. Incidentally, the energy loss per unit of path length is almost constant [19] . Thus, the energy of the beam is deposited almost uniformly in the penetration layer, and, therefore, the total energy deposition below a surface site is proportional to the penetration layer thickness below that site. We postulate that the local heating varies proportionally to the local thickness of the penetration layer: Tx T 0 Gx=R ? . We assume further that heating by the ion beam leads to a stress x ÿY m "Tx ÿY m "T 0 Gx=R ? ÿGx in the penetration layer (Y m is the Young's modulus and " is the thermal expansion coefficient). We use the NavierStokes relations to express the change in surface height by viscous flow in a thin undulating layer with variable stress [22] . This term is added to the change in surface height according to the extended BH model [5] [6] [7] . We get
in which the subscripts t and x denote differentiation to t and x, respectively; u 1 is given by Eq. (1), ÿ is the parameter from the BH model, and B is the surface diffusivity. The last (5th) term is the added one. We assume further that surface tension and the beam-reduced viscosity are independent of temperature. Moreover, we write ÿ1 as f cos ÿ1 r , where ÿ1 r is the reciprocal viscosity per incident ion [7] , and similarly B as f cosB r . It is convenient to discard the obvious general surface recession ÿ 0 and to write solutions of Eq. (2) in terms of wave functions with wave number q and phase velocity !. Thus,
with 1 ÿ expÿiqR k . By inserting Eq. (3) into Eq. (2) and performing the differentiations, one gets
with ÿRY=n. 
and
x .) Equation (5a) is similar to the one introduced by Umbach, Headrick, and Chang [10] , apart from the 1=2R 2 k term. Because u 1 is negative, the wave velocity !=q is positive or negative, depending on the stress (viz. ) and the viscosity ( r ). One can eliminate one parameter by using the fact that the growth rate function rq has its maximum at the observed wave number q m of 28 m ÿ1 (2=225 nm) [7] . If we also set B r 0, the radiation-reduced viscosity r must be r ÿ4
and the ripple velocity 
Note that u does not depend on q m nor on r . Fig. 1 . From Eq. (7), we get u 2 0:80 0 . The experimental data of Fig. 2 imply a flow-related velocity u 2 of 1:65 0 . Our value for r is in good agreement with the literature: 1 10 27 Pa m ÿ2 at an ion energy loss of 1 keV nm ÿ1 [18] , although for the higher beam energies in Ref. [18] the main mechanism of energy transfer is not by nuclear collisions but by electronic excitations.
The calculation results depend on the values for the surface tension, Young's modulus, etc. Their values, or their meaning, during the thermal spikes are uncertain. Furthermore, we neglected beam-enhanced surface diffusion and redeposition of sputtered atoms. Inclusion of smoothing by diffusion or uniform redeposition would imply less smoothing by viscous flow and, thus, u 2 <0:80 0 . If one also assumes that the surface tension is a negligible driving force (2 R 2 k ), the calculated flowrelated ripple velocity u 2 is 1:34 0 , slightly lower than measured (1:65 0 ). Hence, despite these uncertainties, we see good agreement between theory and experiment. We note that the flow model of Rudy and Smirnov predicts no observable ripple propagation [9] , supposedly because it takes the minute momentum of the ions as the only driving force.
To summarize, we have shown experimentally that ionbeam-induced surface ripples on glass propagate. The observed propagation is not in accordance with the Bradley and Harper model for ripple development nor with related models that include (beam-enhanced) surface diffusion and surface-energy-driven viscous flow. A new model, that treats viscous flow in terms of the NavierStokes relations, can explain the reversed propagation. The newly identified mechanism in ripple development is spatial variations in energy deposition: The ripples' up slopes absorb more energy of the incident ions than the down slopes. As a consequence, stress differences are generated, which enhance viscous flow from the up slopes to the down slopes. This mechanism compensates the negative propagation caused by the faster erosion of the down slopes. Knowledge of this hitherto unknown mechanism opens new routes for understanding and exploiting surface pattern formation and shape changes by ion-beam bombardment.
